This paper analyzes influences of leading phase operation of fast cut back (FCB) generating units on system restoration. During the stage of cranking non-blackstart (NBS) units using the blackstart unit (BS), it is necessary to energize some transmission lines with large conductance to ground, which results in overvoltage at the end of transmission lines. To control voltages, some loads should be picked up, which would slow down the whole progress of system restoration. Because FCB generating units have a good capacity of leading phase operation, it can absorb reactive power at the stage of restarting nonblackstart units to control voltages and then can complete the progress of restarting non-blackstart units fast because of not providing extra power to loads to control voltages. A test system is used to demonstrate the advantages of FCB generating units on restarting non-blackstart units.
Introduction
With the development of economic competition and deregulation, power systems are much closer to their operating limits. At the same time, the scale of systems becomes much larger. Both of these factors increase the risk of faults in systems. If a bulk system encounters a partial or complete blackout, even though is infrequent, it will exert a serious influence on the security and economy of society, such as the August 14, 2003 blackout in North America. In order to decrease the deleterious impact, planners and the system operators should establish a feasible restoration strategy as soon as possible.
System restoration is a complex and time-consuming problem with multi-objective, multi-stage and multiconstraint [1] [2] [3] [4] [5] [6] . During system restoration, the grid structure is weak and the characteristics of system after blackout are different from normal operating conditions. Each step of the strategy should be verified to ensure its security and feasibility. Though different systems have different characteristics and their strategies are also different, some common concerns in system restoration are shown in different system, such as optimal units startup sequence [7] , switching operation design, start-up of thermal units, overvoltage problems during unload transmission lines energization, frequency response of prime movers to a sudden load pick-up, cold load inrush, power factors and coincident demand factors [8] , protection issues [9] , and so on. According to the common characteristics and behaviors in system restoration, generally, the system restoration strategy can be divided into three stages: a) restart black start generators and nonblack start generator; b) re-energize the transmission network; c) restore loads [10] .
In the stage of power plants restart up, the objective is to restart the black start generating units and crank nonblackout generating units as soon as possible. In a system which is to be restored, there should be at least one black start (BS) unit, which can be restarted with its own resources. Typical BS units include hydroelectric units, diesel units and gas turbine units [11] . During system restoration, in order to crank non-black start units as soon as possible, the characteristics of different kinds of generators should be considered. A unit with a critical maximum interval should be restored within the internal, or the available time for cranking will be delayed. A unit with a critical minimum interval should not be started before the internal. Reference [8] shows the characteristics of steam unit and combustion turbine. The optimal start-up sequence of generators should cover all these considerations [7] . In this stage, some loads will be restored as well to balance the active and reactive power. When there are more than one BS generators units in the blackout area, the system may be divided into several subsystems with at least one BS generator each to reduce the duration of system restoration. Reference [12] develops a systematic algorithm for isolating a power system considering a number of constraints such as BS capability of units, power supply-demand balance and independence of islands. In the stage of re-energizing the transmission network, the objective is to search the shortest cranking path with various constraints. Usually, the system is lightly loaded in this stage, different categories overvoltage, such as switching transient overvoltage and sustained overvoltage, may cause arrester failures [13] . Sustained overvoltage may occur at the end of a line due to excessive charging current; while switching transient overvoltage may be caused by energizing long high-voltage lines or by switching capacitive elements. In the stage of restore loads, the objective is to restore the loads as soon as possible. The load restoration in this stage is different from that in the first stage which is means for maintaining the balance of the system.
During the stage of cranking non-blackstart units using the blackstart unit, it is necessary to energize some transmission lines with large conductance to ground. This results in overvoltage at the end of transmission lines. To control voltages, some loads should be picked up, which would slow down the whole progress of system restoration. Because FCB generating units have a good capacity of leading phase operation, it can absorb reactive power at the stage of restarting non-blackstart units to control voltages and then can complete the progress of restarting non-blackstart units fast because of not providing extra power to loads to control voltages. This paper mainly focuses on the analysis of influences of leading phase operation of FCB generating units on system restoration. Two test systems are used to demonstrate the advantages of FCB generating units on restarting non-blackstart units. This paper is organized as follows. Section II presents the characteristics of leading phase operation of FCB generating units. Section III describes the model during the stage of restarting nonblackstart units. Simulations are provided in Section IV to demonstrate the advantages of leading phase operation of FCB generating units on system restoration. Section V presents the conclusions.
Influences of Leading Phase Operation of FCB Generating Units
At the beginning of system restoration, at least a blackstart unit is used to crank other non-blackstart units by long transmission lines with large conductance to ground. Normally, hydroelectric plants work as blackstart units, which often have weak leading phase operation. Therefore, the voltages at the end of the transmission lines may over the acceptable ranges. To control the voltage, some loads should be picked up at the end of the transmission lines. Extra power consumed by loads will slow down the progress of restarting non-blackstart units. FCB generating units have a good capacity of leading phase operation. During the stage of restarting nonblackstart generating units, FCB generating units can absorb enough reactive power to control voltages at the end of transmission lines. Because FCB generating units can avoid provide extra power to loads which are used to control the voltages, the restarting time can be reduced.
Model during the Stage of Restarting Non-Blackstart Units
During the stage of restarting non-blackstart generating units, the objective is to restart generators as quickly as possible. Therefore, a model considering a restart timing objective with some constraints, e.g., equality and inequality is built. The detailed model is shown as follows. min
where NBS Θ includes all NBS units, i t is the restart time of generating unit i,
includes all energized buses and lines at the stage K, ( ) For a NBS generating unit, the model of thermal generating units is shown in Figure 1 . P max is the maximum active power injected into power systems, P c is the maximum active power that can be produced by the generating unit. a is the minimum output ratio, PR is the startup power requirement, K is the ramping rate, T S is the cranking time and T C is the time of cranking to parallel. 
Case Studies
Two cases are employed to demonstrate the advantages of FCB generating units on system restoration. The software MATPOWER is employed to calculate the power flow. The system is shown in Figure 2 . There are five generating units in the system. G1 is a blackstart unit, G2, G3 and G5 are normal thermal generating units. Two conditions of G4 being a blackstart generating unit and a FCB generating unit respectively are discussed. The parameters of generating units are shown in the Table 1 . It is assumed that G1 and G4 have limited leading phase operation capacities, i.e. 20 Mvar and 10 Mvar. If the system is in a blackout, G1 and G4 are used to crank other NBS generating units.
Step 1) G2 is cranked by G1 and G4 through lines 1-2, 2-5 and 5-6. The time of satisfying the startup requirement is 18MW 22.5 min 4MW / 5 min t = = At this time, the outputs of G1 and G4 are both 9 MW. To control the voltage, G4 is in operation of absorbing 10 Mvar. The voltages after restarting G2 are shown in Figure 3 . The time of providing extra power to loads is 10MW 12.5 min 4MW / 5 min t = = Therefore, the time of restarting G2 is 35min.
Step 2): G2 needs 70 min to provide power to the system after its restart. After restarting G2, G3 is cranked by G1 and G4 through the line 2-3. The voltage before G3 connecting with grid is shown in Figure 5 . After restarting G3, G2 still cannot provide power to the grid.
Step 3): G1 and G4 crank G5 through lines 4-5, 4-7 and 7-8. Because of overvoltage, some loads, e.g., 6 MW at bus 4, should be picked up. The voltages are shown in • Case 2: G1 is a BS unit and G4 is a FCB unit
Because of a large capacity of leading phase operation, FCB can absorb enough reactive power to control the voltage at each bus to accelerate the restoration.
Step 1): G2 is cranked by G1 and G4 through lines 1-2, 2-5 and 5-6. To control the voltage, the FCB unit, i.e., G4, absorb 20 Mvar reactive power. The voltages after restarting G2 are shown in Figure 9 . Step 2): After cranking G2, G1 and G4 crank G3 through line 2-3. The absorbed reactive power of G4 is also 20 Mvar. The voltages after cranking G3 are shown in Figure 10 . Figure 10 . Voltages at cranked buses.
The time of cranking G3 is 18MW 22.5 min 4MW / 5 min t = = Step3): After cranking G3, G2 still cannot provide power to the grid. G1 and G4 prepare to crank G5. To control the voltages at each bus, the absorbed reactive power is adjusted to 35 Mvar. The voltages after cranking G5 are shown in Figure 11 . 
Conclusion
This paper analyzes influences of leading phase operation of FCB generating units on system restoration. Cranking NBS units by BS units may result in overvoltage at the end of transmission lines. Based on the good capacity of leading phase operation, it can absorb enough reactive power at the stage of restarting NBS units. A test system is used to demonstrate the advantages of FCB generating units on restarting non-blackstart units.
